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POROUS SYNTHETIC ttn^m GRAFT AND 
METHOD OF MANUFACTURE THEREOF 

This invention relates to the fabricafion of synthetic bone in the form of a 
5 porous block from calcium phosphate or other ceramic powder. More particularly, 
this invention relates to a new manufacturing process to create a good synthetic bone 
graft with a controllable porous structure. It can be used to replace the autograft and 
allograft for orthopaedic surgeries including vertebrae repair, musculoskeletal 
reconstruction, fracture repair, hip and knee reconstruction, osseous augmentation 
1 0 procedures and oral/maxillofacial surgery. 

Currentiy the European bone graft market is dominated by autograft (bone 
taken from one part of tiie body and transferred to another part of tiie same 
individual) and allograft (bone taken from one individual and transferred to a 
different mdividual). In an autograft procedure, tiie bone grafts are taken from tiae 
1 5 patient, typically tiie pelvis. Two operations have to be done simultaneously. The 
patient benefits from having compatible, living cells at work in tiie defect area. 
However, the drawbacks can be significant. Among them are chronic, often 
debilitating pain tiiat results from the harvesting operation, blood loss, risk of 
infection, and longer hospital stay and recovery time. The second surgery also adds 
20 substantially to the financial cost. 

An allograft procedure usually uses bone from a cadaver. While fliis 
eliminates tiie need for a second surgical procedure, the grafted bone may be 
incompatible with tiie host bone and ultimately rejected. Allograft also poses a slight 
but troubling risk of introducing a variety of viruses, including tiiose tiiat cause AIDS 
25 or hepatitis, mto tiie patient Therefore, many efforts have been made to develop 
biocompatible, synthetic bone graft. 

BACKGROUND OF INVENTION 

Commercially available syntiietic bone grafts are usually made of calcium 
30 phosphate ceramics (tiie main inorganic materials of human bone) and have a porous 
structure similar to the human cancellous bone. Many of tiiem are actually derived 
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ftom animal (young bovine) or marine (sea coral) life. They are intended to offer an 
intercomiected macroporous structure and provide intensive osteoconductivity to 
regenerate and heal the host bone tissue. However, none of them offer the 
biomechanical and osteointergrative properties equivalent to the gold standard of 
5 autograft. 

These synthetic bone grafts usually come with an interconnected 
macroporous structure, typically of 100~500^im diameter, which provides a 
framework for the host bone to regenerate while reducing healing time. The pore size 
of tiie porous structure is crucial for the osteoconductivity. According to tiie in vitro 
10 and in vivo experiments, the proper pore size for bone tissue ingrowth is around 
200'-306tun. If the pore sizes are smaller than lOOpun the bone tissue may 
accumulate on the surface without osteoingrowth. After the implant, tiie bone graft 
should be slowly degraded and replaced by flie growing bone. It should result in bone 
replacement at Ihe site of defective bone by flie recipient's own osteogenic activity. 
15 However, degradation requires the bone substitiite materials to be microporous, witii 
pore diameter fiom l-Sjun. The dissolution process of the "degradable" bone graft 
occurs in two steps: extraceUular dissolution of the necks among sinterized particles, 
and intracellular phagocytosis of tiie particles isolated in tills way. The first step 
becomes impossible in annealed bioceramics bulk and very difficult in tiiose porous 
20 syntiietic bone grafts witii a tiiick connected wall because tiiere are no small necks 
that the cells can attack. 

Commercially avaUable syntiietic bone grafts usuaUy have a random 
distribution of pore sizes and no observable preferred orientation of tiie inter- 
comiected porous structure. The structure has tiie potential to prevent vascularisation 
25 after aperiod of time in vivo and tiie middle of tiie bone graft usually remains bone 
free. Altiiough most of tiie commercial bone grafts have a similar chemical 
composition to tiie mineral phase of tiie Uving bone, tiie graft is not suitable for large 
scale appUcation or as tiie permanent replacement since nutrients cannot flow 
tiirough tiie syntiietic porous bone graft after tiie surgery. 
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THE INVENTION 

The present invention provides a novel mannfacturing process which 
produces a unique and extremely flexible porous structure. No biological materials 
5 need be involved in the final product. It can mimic human cancellous bone in large 
scale and the pore size can be varied from a few microns to several millunetres. The 
process allows a controllable pore size, shape and pore orientation. Numerous, 
various sized interconnected tube-like pores (with preferred orientation) can be 
provided to guide osteoingrowth and vascularisation swiftly through the whole 
1 0 structure. The porous structure can have a thm wall making it easier for osteoblasts to 
attach to and stimulate mineralization. The size and shape of the bone graft can be 
adjusted by a moulding process, for example, or can be shaped by the orthopaedic 
surgeon during the operation by tools such as a diamond wheel or high-speed drill. 
According to the present invention there is provided a process for preparing 
1 5 artificial bone which comprises:- 

(i) preparing a mixture of a finely divided bio-compatible ceramic 
powder, an organic binder and a pore-forming agent in an inert 
liquid to form a body and causing at least some of the pore 
forming agent to align along a common axis, 
20 (ii) optionally shaping the resulting body, 

(iii) allowing the pore-forming agent to form a porous structure in 
the body, 

(iv) heating the shaped body to a temperature sufficient to fix the 
porous structure and 

25 (v) further heating the body to eliminate residues of organic 

binder and pore-forming agent and to fiise it. 

DETAILED DESCRIPTION OF THE INVENTION 



30 Having described the invention in general terms, it will now be described 
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with reference to the accompanying dravving in which the Figu^ 

of a typical process of this invention. 

The essential ingredients of the process are the bio-compatible ceramic 
powder, the organic binder and the pore-forming agent. Tte ceramic powder can be 
5 any ceramic material which is bio-compatible. For example it can be a mechanical 
ceramic in order that the resulting artificial bone graft possesses the sufficient 
strength. Materials which can be used include zirconia and alnmina. Itis,however. 
preferred to use a calcium phosphate ceramic. While all medical grades of tricalcium 
phosphate including a-tricalciumphosphate CTCP), P-TCP and hydroxy apatite (HA) 
10 Ca,o(POA(OH).canbeusedfortMspurpose,itispreferredtouseHAforIargescd^ 

work as it is more stable. Mixtures of bio-compatible materials can be used, for 
example mixtures of calcium pho^hate ceramic and alumina or zirconia. In addition 
small amounts of siHca and an organic zmc compound, for example rxp to 5% by 
vreight. can be incorporated in the powder to increase its osteoconductivity. 
15 It is preferred that the ceramic powder is dispersed homogeneously. The 

smaller theparticle the larger the surfece area andhence the tendency ofaparticle to 

be wetted by the liquid; this also facilitates the final sintering. Generally, the powder 
does not exceed an average diameter of .bout 1 00 microns. Thus preferred powders 
will have an average particle diameter from 1 mn to, say, 50 microns, for example 

20 fi:om 0.1 to 10 nucrons. 

The organic binder has to bind the ceramic powder together to formaclosely 

packed structure with many points of contact between each ceramic particle with 

gaps at the interstices where the inert Uquid remains. Th. precise nature of the 
organicbinder is not critical provided that it does notleavearesidue on finng; It wm 

25 generally be soUd. It has been found that carbohydrate powders are particularly 
useful especially cornflour or wheat flour but other organic materials such as 
^^turallyextractedstarchcanbeused. One of skill in the art will appreciate what 
altemativematerialscouldbeused. The binder should be incorporated into the slurry 

as a powder. 

30 Thepore-formingagentispresentinordertofonnporesinthebodyformed 
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from the ceramic powder and binder. Hiis is generaUy achieved by the evolution of 
gas from the pore-forming agent. Suitable pore-forming agents include micro- 
organisms such as fungi eg. yeast cells, along with inorganic salts of acids derived 
from phosphorus and carbon, especiaUy alkaU metal salts, such as sodium salts, of 
5 phosphates and carbonates. Specific examples include disodium diphosphate and 

sodium bicarbonate. 

The slurry is formed in an inert Uquid i.e. the Uquid must not react with the 
pore-forming agent at room temperature nor react with the ceramic binder. 
Typically, the inert liquid is water, especiaUy de-ionised water although an organic 
10 liquid such as ethanol can also be used. , 

In a preferred embodiment of step (i) a slurry of the ceramic powder is first 
prepared and then the organic binder and pore-forming agent are added to it (steps 1 
and 2 in the Figure). However, the ceramic powder, organic binder and pore-forming 
agent can also be mixed together and then the Uquid solvent added. In a preferred 
15 embodiment a calcium phosphate ceramic slurry is first prepared by mixing the 

calcium phosphate with the water or other inert Uquid. In order to aid dispersion, it is 
preferred to add a dispersing agent to ensure that the ceramic powder is uniformly 
distributed throughout the slurry. Typical dispersing agents which can be used for 
this purpose include acid^ase solutions and polymers such as phosphates and 
20 acrylate polymers. Prefened disperang agents include ammonia, phosphoric acids 
such as orthophosphoric acid or an ammonium salt of an acrylate or methacrylate 
polymer such as ammonium polyacrylate and ammonium polymethaciylate. 

It is then prefened to miU the slurry, optionally with milUng media such as 
beads or cyUnders of alumina, stamless steel or tungsten carbide. These milUng 
25 media are, of course, removed foUowing miUing. 

In a preferred embodiment, miUing is carried out in a cylinder miUer, 
typically rubber waUed. Usually the sealed cyUnder miUer is aUowed to rotate at low 
speed for several hours to form a high density and weU dispersed ceramic slurry. It is 
generaUy preferred for the milHng operation to take at least 1 hour up to say, 50 
30 hours, in order to optimise the size of the powder. It wiU be appreciated that the size 
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of the powder in the sluny can determine the size of the pores since the porous 
stracture is, in effect, a series of compact inregular ceramic particles which are fused 
to their neighbours during the final step of the process. 

Generally, thereafter, the carbohydrate powder and pore-forming agent are 

5 gradually added to the slurry to form what might be described as a high viscosity 
elastic material. It is preferred tiiat the mixing is performed in a sealed oxygen 
chamber to ensure that the mixed materials are oxygen rich for the pore-forming 
agent to react. It will be appreciated that the quantity of the binder detennines the 
elastic properties of the mixture while the amount of pore-forming agent controls the 

10 total porosity of the final product 

It will also be appreciated that the precise conditions used in step (iii) will 
depend on the nature of the pore-forming agent. Thus if yeast is used it is generaUy 
necessary for a source of a nutrient to be present such as a small amount of sugar to 
stimulate the metabolism to generate carbon dioxide. Generally raising the 

15 temperature of the body will cause the pore-forming agent to react, resulting in gas 
evolution. The pore-forming step can be accelerated by mcreasing the temperature 
and/or the pressure but it will be appreciated that care should be exercised to ensure 
that the temperature is kept below that at which the yeast will be Idlled. GeneraUy, a 
temperature of 28 to 30°C will cause the yeast to form pores. However it has been 

20 found that higher temperatures can be tolerated eg. up to 40 °C if a larger amount of 
yeast is used - some of it remams alive. Pore size is largely dictated by temperature 
and the amount of pore-forming agent used. The use of a sealed oxygen chamber 
assists the reproducibility of the process although, of course, mixing can be carried 
out simply in air. 

25 The quantity of ceramic powder used should generally be as high as possible. 

Typically, one uses 80% total weight of ceramic powder, 19% of carbohydrate and 
about 1% of yeast Generally, therefore, one uses 50 to 90% by weight of ceramic, 5 
to 50% by weight of binder and 0.5 to 5% by weight, preferably 0.5 to 3% by weight 
of the pore-forming agent Obviously, the precise quantities of pore-forming ^ent 

30 used depends of the nature of the agent 
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It will also be appreciated tiiat with time, providing there is sufficient pore- 
forming agent present, the size of the pores will increase. IdeaUy, the pore size 
should be about 200 to 300 microns. If the pore size is significantly smaUer than this 
then there may not be sufficient for the osteoblast cells to ingrow. Further, if it is 
5 desired to fill the pores in any way, as discussed below, they should be sUghtly larger 
than the ideal pore size since otherwise the molecules will not be retained by the 
pores. 

It will be appreciated that the body takes a dough-like appearance at this stage 
iie. it holds its shape. 

10 .Preferably before the optional shaping step (ii) the product is transferred to an 

extruder or other device to provide the necessary shape and size for the shying step 
(step 3 in the Figure). The aim of the extrasion step is to produce the desired pore 
shaps and orientation in the final porous structure. By using different extrusion 
forces and different shapes of the front mould, the material can be formed into any 

15 geometrical shape with the desned alignment such as linear in either the vertical or 
horizontal plane, hollow tube, cross-link matrix or spiral form of the pores. It will be 
appreciated that the pore-forming agent wiU extend along the extrusion direction and 
ultimately create the desired pore orientation i.e. align along a common axis. Clearly, 
the body must have a suflBcient viscosity as in a dough-like body for this aUgmnent 

20 to be possible. Sometimes this can be achieved sunply by stretching. It will be 

appreciated that a particular advantage in using a micro-organism that >yell connected 
pores can be formed. In contrast chemical agents generally give rise to pores which 

are not "well connected. 

Although the extrusion step is not essential to produce mimic cancellous or 

25 cortical bone structure, it is generally necessary if the artificial bone grafts are to be 
used in load bearing application. Hiis is because the mineral composition of the 
nature load bearing bone, such as the femur and hip joint, possesses a tube-like 
structure rather than a simple cancellous bone structure. The orientation of tiiis tube- 
like porous structure will foUow mtiie loading stress distribution, which results in 

30 the load bearing bone being stronger than the bone in a rib. 
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The mixture is then optionally shaped (step 4 in the Figure). Preferably, it is 
shaped in a mould which is preferably sealed. The three dimensional shape of the 
mould can be designed with computer aided medical imaging analysis techniques so 
that the shape can replicate the patient's missing bone structure. Once the body has 
5 been sealed in the mould the temperature of the mould can be raised in order to allow 
the pore-forming agent to react and form the pores. It will be appreciated that the . 
force caused by the expansion of the pore-forming agent compresses the mass of the 
ceramic powder. The amount of pore-fonning agent along with the processing time 
and processing temperature determines the porous density and mechanical strength of 
1 0 the final product. The total time required at the optimised processing temperature to 
complete the reaction is typicaUy from 30 to 90 minutes, preferably 40 to 60 minutes, 
especially about 45 minutes, depending on the size of the body. 

Before step (iv) it is preferred to reduce the temperature of the body below 
the j&eezing point of the water if water is used as the inert liquid (step 5 in the 
15 Figure). Preferably, the sealed mould is reduced to a temperature of about -5 °C to 
the temperature of liquid nitrogen. The freezing step can prevent the pore-forming 
agent from reacting further. The expansion which results from the formation of ice 
from water further enhances the porous structure of the body. The frozen sample can 
then be removed from the mould. 
20 It is generally necessary then to remove part of the liquid from the body, 

typically by evaporation. This can be achieved in a vacuum chamber during which 
the water or other liquid evaporates from the surfece and the hydrostatic pressure 
gradients across the compact provide a driving force for the liquid to move. The 
liquid flows from the interior of the body to the surface through the porous channels 
25 thereby producing a more uniform pressure. Naturally, the processing temperature, 
rate of increase in temperature, the vacuum pressure and the duration of the 
sublimation process depend on the size and shape of the body and the nature of the 
Uquid being employed. These can be determined by routine experimentation. 

The aim of step (iv) is to stabilise the article (step 6 m the Figure). For this 
30 purpose, it is generaUy desirable to pre-heat the atmosphere (which can be dry or 
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wet) in which the article is placed, typically an oven which is preferably humidity 
controlled. A temperature of, say, 100, 130 or 150 to 230°C is generally suitable for 
stabilisation. Generally stabilisation can be achieved in less than 1 hour, generally 5 
to 50 minutes, for example 15 to 45 minutes. It has been found that the use of steam 
5 is advantageous since it generally causes polymerisation of the organic binder 
without microcracks formmg on the sample's surface which can be caused by direct 
heating processes. These cracks may remain and deepen during the fiirther annealing 
processes and can therefore greatly reduce productivity. 

Once the body has been stabilised it can, if desired, be machined to remove 
1 0 any uneven flashing and/or to adjust the final geometric form of the article so that it 
corresponds to the desired shape of the artificial bone graft. 

In step (v) the article is heated or fired to eliminate the binder and any 

remaining pore-forming agent Generally a temperature firom 400°C to 1000°C is 
necessary for this purpose. This does, though, depend to some extent on the amount 

15 of binder used and on the heating rate appUed. Since this heating step typically 
results in carbon-containing gases to be developed it will be appreciated that heating 
should be carried out slowly to allow these gases to diffiise out of the artificial bone 
through the interconnecting porous channels. If this is not done then the entr^ped 
gas could build up a pressure sufficient to cause internal damage to the compact 

20 porous structure. Generally, the rate of heating should not exceed lO'C per mmute, 
typically not more than 5°C per minute and perhaps as little as 1 or 2'C per minute 
for a large sample. 

The step of eliminating the binder is generally complete when no more 
carbon gases can be seen coming out of the article. 

25 Preferably, foUowing this heating step the sample is then annealed or sintered 

at a higher temperature, typically from about 1200 to about HSOT, to achieve the 
necessary biomechanical strength and biocompatibility (step 7 in the Figure). Again, 
the temperature and duration of the heating depend on the size of the sample and the 
initial ceramic concentration. Care should be taken not to use too high a temperature 
30 since this can cause fiision of the small interconnected pores with the result that the 
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macropores start to be isolated. 

In some cases the product, although strong enough for some purposes, is 
msufficiently strong for others. It has been found that the strength of the product can 
be enhanced by immersing it in a ceramic slurry formed of ceramic powder, typically 
5 apatite, although it need not necessarily be the same as that used mitially. The slurry 
should also contain a dispersion agent which can be the same as, or different from, 
that used initially. Desirably the slurry should be milled before use so as to reduce 
the particle size, for example from an average of 5 jxm to an average of 1 \im. The 
slurry can be allowed to rest for , say, for 1 ¥2 hours to allow for the large particles to 
1 0 precipitate. Suitable particles with an average size of, say, less than 0.2 nm can be 
poured off from the suspension formed. 

The unmersion should typically lasts at least 0.5 hour with constant stirring of 
the slurry. After this, the slurry is desirably brought to boiling until no more air 
bubbles come out of the sample. This typically takes 10 minutes to 1 hour, 
15 dependmg on the size of the sample. This process ensures the micropores of the 
sample are packed with apatite particles. Any excess slurry and apatite particles can 
be removed by a centrifiage process (e.g. from 2500 to 1 5000 rpm) through the 
interconnected macroporous structure. This immersion step can be repeated if 
necessary. Afterwards the sample can be subjected to the annealing step again. 
20 Another way to improve the mechanical strength of the porous stmctiire is to 

reinforce it with polymer, preferably a biodegradable polymer such as 
polycaprolactone (PCL); the polymer acts as a fiUer. For this purpose the polymer is 
dissolved in a solvent to provide a concentration of, say, 10 to 50% typically 20 to 
40% by weight and then the body is immersed in it for, say, 5 min to 1 hour, e.g. 20 
25 minutes. The body is then removed and centrifiiged to remove any excess solution. 
It may be desirable then to heat the samples to cause any polymer blocking the pores 
to melt. This procedure can be repeated if desired. 

In an advantageous embodiment of the present invention some or all of the 
pores of the artificial bone can be used as a drug deUvery system with a controlled 
30 release mechanism. This can be achieved generally by immersing the artificial bone 
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in a solution of the desired cell growth factors or drug. 

At present, there is no effective drug delivery mechanism to deUver 
engineered high molecular weight proteins or enzymes into the bone. In accordance 
vdth the present invention this can be achieved because the size of the bone graft can 
5 beadjustedtoaccommodatethemolecule. Thus high molecular weight engineered 
proteins or enzymes incorporated in this way canbe released from the bone graft to 
stimulate osteoingrowth and the porous matrix can guide the osteoblast cells to 
proliferation and differentiation. THus growth fectors for osteoingrowth including 
transforming growth factor (TGF-pi). bone morpho genetic protein (BMP.2) and 
10 osteogenicprotein(OP-l)canbeincorporatedmto1iieartificialboneofthepresent 

invention in this way. 

other materials ^^Wch can be incorporated include vitamins such as vitamin 
. Dandiiace minerals suchas zinc which can be incorporated in the form ofasalt. 

In aprefeired embodiment, these molecules canbe incorporated into the 
15 porestogetherwithabiodegradablepolymer. Tlxe biodegradable polymer helps to 
"fix" the active molecule in the pores while, at the same time, improving the strength 

of the artificial bone. 

Suitablebiodegradable polymers which canbe usedfor this purpose include 

stawh typicallycomstarch.orothernaturallyoccmringpolymersormixturesof 
20 such polymers with, for example, polyethylene or polyOactic acid) or poly(glycoHc 
acid) Generally, the concentration of non-naturally occurring should be kept low to 
avoid any possible adverse biological effects. It is. though, possible to use a mixture 
of starch and up to. say. 50% by weight of low density polyethylene. 

The active compound, and biodegradable polymer if used, can be applied 
25 fromasolutionoftHematerialsbyimmer^on. TTxe application of a sUght vacuum to 
the artificial bone graft can be useful as it increases the uptake of the solution. 

If one carries out this immersion step several times, the strength of the 
artificial bone can be increased quite significantly. Excess biodegradable polymer 
can generaUy be removed by centrifuging. 
30 It will be appreciated, therefore, that the artificial bone graft of the present 



wo 02/11781 



PCT/GBOl/03397 



-12- 

invention can be used as a 3-D scaffold for in vitro tissue engineered autografts. 

The manufacturing cost of the process is generally significantly lower than 
existing processes and the manufacturing time is generally quicker than the other 
methods. In normal circumstances even a large scale specimen with an irregular 
5 shape can be produced in less than 24 hours. Therefore, it can be made to order. For 
example, before the maxillofacial operation the desired shape of the bone graft can be 
created according to the patient's 3-D skeleton scanning image. Therefore the bone 
graft can be produced individually for each patient 

1 0 The following Examples are illustrative of the invention. 

Example 1 

Commercial medical grade hydroxy apatite Caio(P04)6(OH)2 powder(ASTM 
15 Fl 18588), particle size from 0.6jun to was used to produce the synthetic 
porous bone graft. The first step is to make a slurry where the ingredients are: 

1 60 grams of hydroxy apatite powder 
70 millilitres of de-ionised water 
20 2 grams of ammonium polyacrylate. 

These ingredients were initially homogeneously mixed in a plastic container with a 
spatula. When a uniform solution had been formed, mechanical agitation was applied 
with a double-bladed stirrer at approximately nOOtpm for 5 minutes. This made 
25 approximately 1 1 5ml of slurry. The slurry was then poured into a cylinder miller for 
fiirther dispersion of the agglomerates; this was a polyethylene flask, 10cm long and 
6cm diameter, containing lOOcm^ of high-density small AljOj cylinders. The 
cylinder miller was sealed and rotated at 120 rpm for 30 minutes to form a uniform 
slurry. * 

30 70 grams of fine, sieved wheat flour and 7 grams of yeast cells were then 
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graduafly added into the slurry and battered in a blender to form a workable, plastic 
mixture. 

A. Sample without extrusion 

5 

The mixture was then divided equally, without extrusion, and placed in four 
Teflon coated petri dishes without sealing. These petri dishes were then transferred to 
a temperature controlled incubator at 28-30°C. The time in the incubator was varied 
four times from 1 5 minutes to 1 hour, with 1 5 minutes increments. At the end of each 

10 stage one of the petri dishes was gradually lowered into liquid nitrogen to stop the 
biological reaction and to prepare for the next step process. 

The excess water was subsequently removed from the sample for 2 hours in a 
freeze-diying chamber at 20°C and at a pressure of 10'* to 10"^ mmHg. The dried 
sample was then stabilised in a furnace at 200°C for 30 minutes. The formatted 

1 5 samples were then gradually heated in a furnace at the rate of 5*^C per minute and 
held at 1 000°C to remove the organic additives. Subsequently, the samples were 
annealed at 1250°C for two hours and gradually cooled to room temperature at the 
rate of 5°C per minute. 

Optical microscope examination of the porous structure of each of the 

20 sintered samples revealed that they all exhibited a porous structure almost identical to 
human cancellous bone. The pore and interconnected pore size gradually increased as 
the incubation time was increased, as shown in Table 1, 



Time 


Pore Size 


Interconnected Pore Size 


15 minutes 


50-lOO^m 


Ave. Diam, 40nm 


30 minutes 


300-500|Am 


Ave. Diam. 200iJm 


45 minutes 


800-1 OOOiam 


Ave. Diam. 400|xm 


60 minutes 


2000-3000tmi 


Ave. Diam. 1000|im 



30 
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R With Extrusion 



After the mixing procedure the mixture was progressed through an extrusion 
mit to formacylinder shaped specimen! THe front mould of the extrusionunit was 

5 two comiected cylinders, the diameters were 5cm and 3cm for the first stage and 
second stage cylinders, respectively. A steel net with 3mm mesh was attached at both 
ends of the second stage cylinder. Tlie extruded mixture was then placed on a Teflon 
coated plate without sealing. The plate, with its mixture, was then transferred to a 
temperature-controlled incubator at 28~30»C for 30 minutes. Tlien the ndxture was 

1 0 transferred to a refrigerator at -5=C for 2 hours and subsequently the excess water 
was sublimated from the sample for 2 hours in a freeze-drying chamber at 
20°C and at a pressure of 1 0"' to 1 0"' mm Hg. Hie formatting, burmng and amieahng 
processes were the same as those described in section A. Ue sample showed a 
uniform tube-likeporous structure withporesizesrangingfrom 800 tolOOO^m long 

15 andanaveragediameterofaround200mn. The mterconnected pores, average 
diameter around lOOpxa, connected at the ends of these tube-like macropores. The 
structure is ideal for osteoingrowth and the induction of vascularisation. 



r. With Sealpd Moulding 
20 TteextrusionprocesswasthesameasthatdescribedinsectionB. However, 

the steel net was removed during the extrusion process. The extruded cylinder shaped 
sample was transferred into a sealed cylinder mould. THe incubation procedure and 
the sublimation process were the same as those described in section B. and the 
fomxatting. burning and amiealing processes were the same as those described m 
25 section A. A cross section of the sample revealed a structure similar to that ofhuman 
long bone. A compact structure formed the outer sheU of the samples; it consisted of 
a hard, virtually soUd mass made up of Ca/P ceramic ananged in concentric layers. A 
porous structure, simUar to that found in cancellous/spongy bone, was found in the 
nuddle of the samples; the pore size gmdually reduced and finally joined with the 
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compact structure. 



10 



Example 2 

Sample of the porous HA product obtained in Example IB were immersed in 
boiling HA slurry with an average particle size of 0.2^m. THe immersion times were 
from 30 minutes to 90 minutes withaSO minutes interval and the slurry was stirred 

constantly. Afterwards the excess slurry was removed by a centrifuge process (from 
2500 to 1 5000 rpm). Ue samples were subjected to the amiealing process at 1280-C 
for 5 hours, 

A mechanical test of the samples was carried out using a Lloyd bench-top test 
n^achine fitted with a 2.51cN load ceU and a remote computer controUed unit. THe 
load was appHed to the ^cimens (average sample contact area is 0.8 cm^ with a 
crosshead speed of 0. 1mm per minute until brittle failure occurred. The results 
obt^ed are shown in Figure 2. It can be seen that the compressive strength of the 
1 5 porous HA samples is increased as the immersion time increases. 



E2ca£3£kl 

6 grams of PCL was melted in a 150cc glass beaker by placing it in a eO'C 
oven AfterthesoHdPCLhadmeltedtoacle. sticky fluid,20ml acetone was added 

to dissolve the PCI and form a fluent solution. The viscosity of the solution was 
0 8835t0 025 pas. Porous samples of Example IB were then immersed inthe 
solutionand kept at boilingby placing itonahotplateatconstanttemperature of 

57°C. 

After 20 minutes, the samples were removed and subjected to a centrifuge 
25. process( from 2500 to 15000rpm) to remove any excess solution from the 
interconnected macroporous stnxcture. The samples were thenplacedm 
to melt my blocking PCL in themacroporous structure andtheceutrifuge process 



20 
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was repeated. 

The mechanical test of Example 2 was carried out. The results obtained as 
shown in Figure 3. It can be seen that the PCL reinforced porous HA samples had a 
significantly increased compressive strength. 



5 The porous properties of the tested samples, measured according to 

ASTMC134 standard, before the immersion processes, were as followmg. 



Porosity of the tested porous HA samples 




Total volume, cm^ 


1.06078±0.01493 


Volume of open pores, cm^ 


0.79737±0.01935 


Volume of impervious pores, cm^ 


0.20262±0.00596 


Apparent porosity, P% 


79.6589±0.28677 


Water absorption, A% 


133.81± 1.89755 


Apparent specific gravity 


2.93957±0.03229 


Bulk density, g/cm^ 


0.59597±0.0074 



15 
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CLAIMS 



1 . Process for preparing artificial bone which comprises:- 

(i) preparing a mixture of a finely divided bio-compatible ceramic 
5 powder, an organic binder and a pore-forming agent in an inert 

liquid to form a body and causing at least some of the pore- 
forming agent to align along a common axis, 

(ii) optionally shaping the resulting body, 

(iii) allowing the pore-forming agent to form a porous structure in 
10 the body, 

(iv) heating the shaped body to a temperature sufficient to Ex the 
porous structure and 

(v) further heatmg the body to eliminate residues of organic 
binder and pore-forming agent and to fuse it. 

15 2 . Process according to claim 1 wherein the ceramic powder is of 

calcium phosphate. 

3 . Process according to claim 2 wherein the ceramic powder is a or p 
tricalcium phosphate. 

4. Process according to claim 2 wherem the calcium phosphate is 
20 hydroxy apatite. 

5. Process according to any one of claims 1 to 4 in which the powder has 
an average particle size not exceeding 100 microns. 

6. Process according to any one of the preceding claims in which the 
organic binder is a carbohydrate powder. 

25 7. • Process according to claim 6 m which the organic binder is cornflour 

or wheat flour. 
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8. Process according to any one of the preceding claims in which the 
pore-forming agent is yeast, disodium diphosphate or sodium bicarbonate. 

9. Process according to any one of the preceding claims m which the 
inert liqidd is water. 

5 10. Process according to any one of the preceding claims >^erem a slurry 

of the ceramic powder is first obtained and the organic binder and pore-forming 
agent are added thereto. 

11. Process according to claim 1 0 in which the slurry of the ceramic 
powder is obtained with miUmg, optionally with a milling aid. 

10 12. Process according to claim 10 or 1 1 in which a dispersing agent is 

incorporated with the ceramic powder. 

13. Process according to claim 12 in which the dispersing agent is an 
ammonia solution, a orthophosphoric acid or of an acrylic and/or methacrylic acid 
polymer. 

15 14. Process according to any one of claims 10 to 12 wherein the organic 

binder and pore-forming agent are homogeneously dispersed in the slurry in a sealed 
oxygen-containing chamber. 

1 5. Process according to any one of the preceding claims wherein the 
pore- forming agent is aligned in step (i) by extrudiag the body. 

20 16. Process according to any one of the preceding claims in which the 

body is- shaped using a mould. 

17, Process according to claim 16 wherehi the inert liquid is water and the 
sealed mould is cooled to below the freezing point thereby to enhance the porous 
structure of the body. 

25 18. Process according to any one of the preceding claims wherein after 

step (ii) inert liquid is removed from the body. 
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19. Process according to any one of the preceding claims wherein step (iv) 
is carried out a temperature from 100 to 230 ^C. 

20. Process according to any one of claims 1 to 18 \vherein step (iv) 
involves subjectmg the article to steam. 

5 " 21 . Process according to any one of the preceding claims wherein step (v) 
is carried out by heating to 400 to 1000°C at a rate not exceeding \Q°C per minute. 

22. Process according to any one of the preceding claims wherein after 
step (v) the body is annealed at a temperature up to about 1450°C. 

23 . Process according to any one of the preceding claims wherein the 
1 0 product of step (v) is immersed in a ceramic slurry which is then boiled and the 

resulting body is removed by centrifuge. 

24. Process according to claim 1 substantially as described in any one of 
the Examples. 

25 . Artificial bone whenever prepared by a process as claimed in any one 
15 of the preceding claims. 

26. Artificial bone according to claim 25 which comprise one or more 
proteins, vitamins or trace elements or minerals. 

27. Artificial bone according to claim 26 which also comprises a 
biodegradable polymer. 
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